We aimed to investigate associations between dietary macronutrient proportions and prospective visceral adiposity index changes (∆VAI). The study included 1254 adults (18-74 years), from the Tehran Lipid and Glucose Study (TLGS), who were followed for three years. Dietary intakes were assessed twice using food frequency questionnaires. Associations of dietary macronutrient with ∆VAI and risk of visceral adiposity dysfunction (VAD) after three years were investigated. The percentage of energy intake from protein in the total population, and from fat in women, were associated with higher increases in VAI. A 5% higher energy intake from protein substituted for carbohydrate, monounsaturated fatty acids (MUFAs), and polyunsaturated fatty acids (PUFAs) was associated with higher ∆VAI. Higher energy intake from animal protein substituted for PUFAs was positively associated with ∆VAI. Substituting protein and PUFAs with MUFAs were related to higher ∆VAI. The associations were similar in men and women, but reached significance mostly among women. Risk of VAD was increased when 1% of energy from protein was replaced with MUFAs. Substituting protein for carbohydrate and fat, and fat for carbohydrate, resulted in increased risk of VAD in women. Higher dietary proportions of protein and animal-derived MUFA may be positively associated with ∆VAI and risk of VAD.
Introduction
Abdominal obesity is associated with increased risk of metabolic and cardiovascular diseases and mortality rates [1] . The effect of abdominal obesity on metabolic factors seems to be mainly mediated by the visceral adipose tissue (VAT) [2] . Both VAT and subcutaneous adipose tissue (SAT) have associated with metabolic risk factors, but only VAT has shown independent associations with metabolic risk factors after adjusting for body mass index (BMI) and waist circumference (WC) [3] . In addition to genetics, sex, and age, modifiable factors including physical activity and diet have been associated with VAT [4, 5] . VAT and SAT seem to be differentially influenced by diet [5] [6] [7] [8] . It has been suggested that diet can explain more of the variation in VAT compared to SAT [5] , and lifestyle modification can reduce VAT more than it can reduce SAT [9] . Despite existing evidence suggesting VAT is predominately affected by the non-caloric qualitative aspects of diet, little is known about the association between macronutrient composition of diet and VAT [5, 8] .
Although magnetic resonance imaging (MRI) and computed tomography (CT) scans are considered as the gold standard for measuring VAT, their applicability to assess VAT is, however, limited because of their cost and availability. Therefore, different surrogates of visceral adiposity such as WC, BMI, and waist to hip ratio (WHR) are used to indirectly assess VAT in epidemiologic studies [10] . Visceral adiposity index (VAI) is a recently-proposed surrogate of visceral adiposity that can predict insulin resistance and cardio-metabolic risk factors [11] [12] [13] . VAI can be simply determined and is highly correlated with direct measurement of VAT [12, 13] .Considering both the anthropometric (WC and BMI) and the functional markers of visceral adiposity (triglycerides and HDL) to calculate VAI may improve the predictability of this score for occurrence of chronic disease [11] . To our knowledge, no observational study has to date examined the relationship of dietary intakes and VAI. This study aimed to investigate the association of dietary macronutrient composition with three-year VAI change (∆VAI) and risk of visceral adiposity dysfunction (VAD) using both the non-substitution and substitution statistical approaches.
Methods

Study Population
Tehran Lipid and Glucose Study (TLGS) is an ongoing prospective study that was designed to investigate the risk factors for non-communicable disease among a representative sample of residents of district 13 of Tehran, the capital of Iran. The TLGS began in March 1999 and follow-up examinations have been conducted every three years to update information on demographic, lifestyle, medical, and biochemical variables. Detailed information on the TLGS study has been previously published [14] . The study was approved by the ethics committee of the Research Institute for Endocrine Sciences of Shahid Beheshti University of Medical Sciences, and written informed consent was obtained from each participant.
Of the 12523 participants in the third examination cycle (2006) (2007) (2008) , considered as the baseline for the current study, 4920 participants were randomly selected for dietary assessment, and 3462 participants completed the dietary assessment. For this study, 3150 participants aged 18-75 years were recruited. Pregnant and lactating women at either the third (baseline) or fourth examination cycles (follow-up; 2009-2011) (n = 128), individuals with chronic diseases (diabetes, cancer, and cardiovascular disease), and those taking drugs affecting anthropometrics or lipid profile variables (corticosteroid, lipid lowering drugs, and other hormonal drugs) (n = 687) were excluded. Individuals with missing data on dietary variables at follow-up (n = 561), and anthropometric or lipid profile variables at either baseline or follow-up were also excluded (n = 497). After further exclusion of those with extreme sex-specific energy intakes (>4200 kcal for women and >5000 kcal for men) equal to >2.5 SD (n = 23), 1254 participants remained for the analyses.
Dietary Assessment
Habitual dietary intakes over the previous year were assessed by a validated semi-quantitative 168-item food frequency questionnaire (FFQ) [15, 16] . The frequency of consumption was given on a daily, weekly or monthly basis depending on the food items. Daily food intake (g/day) was estimated by multiplying the frequency of intake with portion sizes. Intakes of macronutrients (carbohydrate, fat, and protein), macronutrient subtypes (animal fat, vegetable fat, saturated fatty acids (SFAs), monounsaturated fatty acids (MUFAs), and polyunsaturated fatty acids (PUFAs), animal protein, and vegetable protein) were the exposures of the present study. To reduce within-person variation and also to represent the usual dietary intakes, a cumulative average intake of nutrients from FFQ at the third and the fourth examinations were used. In a random subset of the study participants, validity of the FFQ was evaluated against twelve 24-h dietary recalls and biomarkers [15] .
Demographic, Lifestyle and Anthropometric Measurements
Data on demographic variables, smoking status (yes/no), past medical history, and drug use were obtained using a pre-tested questionnaire. Participants who smoked daily or occasionally were considered smokers and those who had never smoked, as non-smokers. Physical activity (PA) during the previous year was evaluated using the Modifiable Activity Questionnaire (MAQ), and was expressed as metabolic equivalent minute per week (MET-min/week) [17] .
Weight and height were measured with participants wearing light clothing, without shoes, accurate to within 100 g and 0.5 cm. BMI was calculated as weight (kg) divided by height (m 2 ). WC was measured to the nearest 0.1 cm at the midpoint between the bottom of the rib cage and top of iliac crest using a tape meter.
Biochemical Measurements
Blood was collected after 12-14 h overnight fasting. Triglycerides (TGs) were measured by enzymatic colorimetric analysis with glycerol phosphate oxidase. HDL-C was measured after precipitation of the apolipoprotein β containing lipoprotein with phosphotungistic acid. Analyses were performed using Pars Azmun kits (Pars Azmun Inc., Tehran, Iran) and a Selectra 2 autoanalyzer (Vital Scientific, Spankeren, The Netherlands). Inter-and intra-assay coefficients of variation (CVs) were 0.6% and 1.6% for TGs, and 0.5% and 2% for HDL-C.
Outcomes
The outcomes in the present study were three-year ∆VAI and the risk of VAD over three years. Since there was no considerable difference in follow-up time, absolute changes in VAI over the entire follow-up duration was considered as the outcome. VAI was calculated using sex-specific formulas: males [WC/39.68 + (1. (TGs/0.81)ˆ(1.52/HDL), where both TGs and HDL levels are expressed in mmol/L [11] . The ∆VAI during three years of follow-up was determined by subtracting the baseline value from the follow-up value. Visceral adiposity dysfunction (VAD) was defined if the VAI score was greater than the age-specific optimal cut-off points of VAI [18] .
Statistical Methods
Characteristics of the participants according to sex are summarized as mean˘SD for continuous variables or median (25th-75th percentiles) if continuous variables were skewed, and as proportions for categorical variables. Characteristics of women and men were compared, using t-test and Mann-Whitney for continuous variables, and chi-square for categorical variables. The intakes of macronutrients and macronutrient subtypes were adjusted for energy intake, using the nutrient density method, and expressed as per 5% increase in energy intake. Multivariate linear regression analyses were used to investigate the single effect of increase in each nutrient intake as a continuous variable and the subsequent three-year ∆VAI. In these analyses the following demographic and lifestyle covariates were included in model one: baseline age (continuous), sex (except sex strata), physical activity (continuous), smoking (yes/no), baseline VAI (continuous). To evaluate the independent effect of each nutrient when total energy and other nutrients were constant the following dietary intakes data were further included in model two: intakes of total energy, cholesterol, and other contributing macronutrients (continuous). For analyses on subtypes of protein and fat (animal and vegetable sources), two subtypes of protein and fat were mutually adjusted by including two subtypes simultaneously in model two. To determine the independent associations of SFAs, MUFAs, and PUFAs, the multivariate linear regression model two included SFAs, MUFAs, and PUFAs simultaneously instead of total fat and then adjusted for the same covariates as in the model for total fat. Effect modification by sex was investigated by including a cross-product interaction term between the exposure variables (continuous) and sex in the fully adjusted model (model two).
Substitution models were performed to estimate the effects of iso-caloric substituting 5% of energy from one type of macronutrient by 5% of energy from another macronutrient, using multivariate nutrient density models. The coefficients in these models can be interpreted as estimated change in VAI by 5% increase in one nutrient at the expense of another not included in the model, while keeping total energy intake and other nutrients, which are included in the model, constant.
Multivariate-adjusted logistic regression analyses were used to estimate the odds of occurrence of VAD after replacement of one macronutrient with another macronutrient (substitution model) in individuals without VAD at baseline (n = 795). All substitution models were adjusted for the above-mentioned demographic and lifestyle covariates, and intakes of total energy and cholesterol. For these analyses odds ratios (95% CIs) were estimated for replacement of 1% of energy from one nutrient with another nutrients. All statistical analyses were performed with SPSS (Version 15.0; Chicago, IL, USA) and p-values < 0.05 were considered significant.
Results
Characteristics and dietary intakes of the participants, according to the sex, are presented in Table 1 . Compared to women, men were more active, more likely to be smokers, and had higher WC, VAI, and TGs, but lower HDL-C at baseline and follow-up examinations. ∆VAIs after three years follow-up were not significantly different between two sexes. The average percentage of energy from carbohydrate was higher in men, while the percentage of fat intake was higher in women. While there was no significant difference in the percentage of protein intakes between men and women, intakes of animal protein were significantly higher in women than men. The percentage of energy from SFA, MUFA and PUFA were also significantly higher in women than men. Estimated effects of nutrient intakes on three-year ∆VAI are presented in Table 2 . In women, a 5% increase in intake of fat was positively associated with changes in VAI after adjusting for other energy contributing macronutrients (model 2; β: 0.187; p = 0.048). The percentage of protein intake was positively associated with ∆VAI in men and women combined; each 5% higher percentage of protein intakes was associated with a 0.203 higher increase in VAI after adjustment for all relevant confounders. (p = 0.018). In separate analyses, based on the sex, this association was significant among women only (β: 0.266; p = 0.010). 2 Adjusted for intakes of total energy (continuous), cholesterol (continuous), and the percentage of the other energy contributing macronutrients (all continuous). 3 Additionally adjusted for plant fat (% of energy) instead of total fat. 4 Additionally adjusted for the animal fat (% of energy) instead of total fat. 5 Additionally adjusted for MUFAs and PUFAs (% of energy) instead of total fat. 6 Additionally adjusted for SFAs and PUFAs (% of energy) instead of total fat. 7 Additionally adjusted for SFAs and MUFAs (% of energy) instead of total fat. 8 Additionally adjusted for plant protein (% of energy) instead of total protein. 9 Additionally adjusted for animal protein (% of energy) instead of total protein. SFAs, saturated fatty acids; MUFAs, monounsaturated fatty acid; PUFAs, polyunsaturated fatty acids.
Adjusted three-year ∆VAI for the iso-energetic increase of 5% of energy from one macronutrient at the expense of another macronutrient are presented in Table 3 . A 5% higher energy intake from protein substituted for carbohydrates, MUFAs, and PUFAs was significantly associated with higher increases in VAI in men and women combined. These associations were similar for men and women, but reached statistical significance only among women. A 5% higher proportion of animal protein replaced PUFA was associated with 0.166 higher increases in VAI in men and women combined, but the association was significant only in men. The substitution of protein and PUFAs by MUFAs was positively associated with ∆VAI in men and women combined, the associations being significant only in women. No other substitutions were significantly associated with VAI change. Table 3 . Adjusted 3-year visceral adiposity index (VAI) change for the iso-energetic increase (Ò) of 5% of energy from one macronutrient at the expense of another (Ó) 1 1 All models adjusted for age (continuous), sex (except sex strata), smoking (yes/no), physical activity (continuous), and baseline VAI (continuous), total energy intake (continuous), and cholesterol intake (continuous). 2 additionally adjusted for protein (% of energy). 3 additionally adjusted for fat (% of energy). 4 additionally adjusted for carbohydrate (% of energy). 5 additionally adjusted for SFA. 6 additionally adjusted for PUFA (% of energy). 7 additionally adjusted for MUFA (% of energy). 8 additionally adjusted for plant protein (% of energy). 9 additionally adjusted for animal protein. 10 additionally adjusted for plant fat (% of energy). 11 additionally adjusted for animal fat (% of energy). SFAs, saturated fatty acids; MUFAs, monounsaturated fatty acid; PUFAs, polyunsaturated fatty acids.
After excluding individuals with VAD at baseline, 82 participants (48 men and 34 women) showed VAD after a three-year follow-up. Adjusted odds ratios (95% CI) of VAD after three years according to the iso-energetic increase of 1% of energy from one nutrient at the expense of another nutrient are presented in Table 4 . In women and men combined analyses, when 1% of energy from protein was replaced with the same amount MUFA, the odds of having VAD was increased by 21% (p = 0.038); although the association was similar for both genders, it was not significant in either. Replacing 1% of energy from carbohydrate with the same amount of fat (OR = 1.09; p = 0.008) and protein (OR = 1.24; p = 0.020) were significantly associated with increased risk of VAD in women. When 1% of energy from fat was replaced with protein, the risk of VAD increased by 20% in women. Replacing 1% of energy from fat, protein, and animal protein with 1% of energy from carbohydrate lowered the risk of VAD in women. None of the substitution models showed statistically significant associations with VAD in men. No significant interaction based on gender was observed. All models adjusted for age (continuous), sex (except sex strata), smoking (yes/no), physical activity (continuous), and baseline VAI (continuous), total energy intake (continuous), and cholesterol intake(continuous). SFAs, saturated fatty acids; MUFAs, monounsaturated fatty acid; PUFAs, polyunsaturated fatty acids.
Discussion
In the present study, after adjusting for all potential confounders and other dietary intake variables, higher intake of protein was associated with higher increase in VAI after three years. In iso-energetic diet, replacing carbohydrate, MUFAs, and PUFAs with protein was positively associated with three-year ∆VAI. A 5% higher proportion of animal protein substituted for PUFA was also positively associated with ∆VAI. A 5% higher proportion of MUFA replaced either protein or PUFA was associated with higher ∆VAI. In sex stratified analyses, the direction of theses associations were similar in both men and women, but the associations were statistically significant, mostly among women. The risk of occurrence of VAD increased with increasing the proportion of MUFA intake substituted for protein intake in the total population, men and women combined. Substituting protein for carbohydrate and fat, and fat for carbohydrate resulted in significant increase in the risk of VAD in women. Since analyses were adjusted for total energy intake, our findings show the effect of changes in proportions of macronutrient in iso-energetic diet.
Among the limited observational studies available on the association between the dietary intake and visceral adiposity measured directly by MRI or CT scan, only two studies have so far investigated the association prospectively [7, 19] . No significant association was reported between two-year changes in total protein intake and change in VAT in 85 overweight youths, aged 11-17 years [19] . Total protein intake was also not related to five-year percent change in VAT in 1114 black and Hispanic overweight adults in another prospective study [7] . Among cross-sectional studies of directly measures of VAT by MRI, one study showed a positive association with total protein intake [5] while other did not report any significant association [20] [21] [22] . None of these studies however evaluated the effect of substituting a proportion of any macronutrient intake with that of another. In line with our finding, observational studies have shown a positive association of protein intake with percent body fat [23] [24] [25] . In a prospective study, a higher intake of dietary protein, substituted for either carbohydrate or fat, was found to be related to increased body weight and BMI after a six-year follow-up, an increase mainly attributed to increased body fat mass [25] . Previous observational studies evaluating associations of protein intake with other surrogates of visceral adiposity including WC, WHR, and BMI reported positive, negative or even no associations [24, [26] [27] [28] [29] [30] . Differences in the study size, study design, surrogates of visceral adiposity used, methods of collecting weight and WC data (self-reporting/measuring), statistical methods and analyses could be partly explain these heterogeneous findings. Satiating property and increased energy expenditure, which can promote weight loss, have been proposed for high protein diets in interventional studies. However, observational studies suggest that within the range of habitual intake in diets, protein has no long term satiating effect. The mechanism that dietary protein can affect adiposity is unknown but protein through its effects on insulin action may influence adiposity [25, 31] .
In our study, after adjusting for life style and all dietary intake variables (model two) fat intake was positively associated with the subsequent ∆VAI, only among women. An increase in the proportion of fat intake at the expense of other macronutrients in an iso-energetic diet showed no significant association with ∆VAI, while replacing carbohydrate with fat increased the risk of VAD over three year follow-up in women. In subgroup analyses, according to the source of fat, no significant associations of plant or animal fat with VAI were observed. Increasing MUFA by decreasing total protein or PUFA in iso-energetic diets was positively associated with ∆VAI. In previous observational studies evaluating the relation of fat intake and VAT [7, [19] [20] [21] [22] , only one cross-sectional study reported a positive association between fat intake and VAT in overweight young adult aged 17-35 years [22] . Fat intake in the range of 18%-40% of energy intakes were showed to have little effect on body fatness [32] . The other aspects of fat intake including source of fat (plant vs. animal) and subtype of fatty acid have hardly been investigated. In a prospective study, no association was observed between SFAs, MUFAs, PUFAs, and five-year percent change of VAT [7] . Noteworthy, consumption of olives and olive oil in our population are very low and MUFA intakes in our study were mainly derived from animal sources. The positive association of MUFAs with VAI change was observed when MUFAs substituted for either protein or PUFAs intakes, independent of SFAs and cholesterol intakes. However, the confounding effect of other dietary components in these sources could not be ruled out. The hypothesis that MUFAs are healthy fatty acids comes from studies investigating the effects of olive oil, whereas further studies suggest MUFA intakes from animal sources to have different effects [33, 34] . On the other hand, the health benefits of olive and olive oil may be attributed to other components rather than the contents of MUFAs [34] . There is some evidence suggesting that different isomeric profiles of MUFAs may have different metabolic consequences. The association observed in this study may be partly attributed to trans-MUFAs, which have been associated with reduced HDL, increased postprandial insulinemia and low-grade inflammation [33, 35, 36] .
We did not observe any significant association between carbohydrate intake and ∆VAI in the non-substitution model. However, replacing carbohydrate with total protein was positively associated with ∆VAI, statistically significant in women only. While holding energy intake constant, the risk of VAD was reduced by 9% and 19%, respectively per each percentage increase in proportion of carbohydrate at the expense of fat and protein among women. Previous observational studies using a non-substitution approach did not find any significant association between carbohydrate intake and VAT [19] [20] [21] [22] . However, consistent with our findings, prior observational studies using substitution models showed reduced risk of abdominal obesity by increases in carbohydrate intake at the expense of either fat or protein intake [37] , and reduced weight gain with increasing carbohydrate at the expense of protein intake [31] . In an interventional study, PCOS women lost more total body fat following consumption of a reduced carbohydrate diet for eight weeks (41%:19%:40% energy from carbohydrate:protein:fat) compared to a standard diet (55%:18%:27%) [38] . In that study, the short-term effects of the diet have been examined, whereas we have investigated the habitual dietary intake of macronutrients in the long term. In addition, the effects of diet on PCOS women may differ in women without the condition.
Gender has been shown to be the most important determinant of visceral adiposity [5] . Due to the significant differences in visceral adiposity and dietary intakes in the both sexes, we repeated our analyses for men and women separately. Most of the significant associations observed in pooled men and women analyses, reached significance only among women. However, the directions of these associations were mostly similar for men and women and we found no significant interaction for sex. More precisely report of food intakes and higher variations in proportions of macronutrients in diet of women, compared with men partly explain the significant associations in women only. However, our findings may also indicate that the proportions of macronutrients in habitual diets are predictors of visceral adiposity and its function that are more important in women. A cross-sectional study suggested sex modifications in the associations between nutrients intakes and VAT measured by MRI [5] . More studies are needed to clarify the possible effect of gender on the association between macronutrients intakes and visceral adiposity and its function.
The prospective design of the study, using an FFQ specially validated in the population studied, and our repeated assessments of dietary intakes to control the possible changes of dietary intakes during follow-up are among strengths of the present study. Analyzing data using two different statistical approaches of non-substitution and substitution models add to the strengths mentioned. In non-substitution model, the association of the proportion of single nutrient in diet was investigated, independent of intakes of energy and other macronutrient intakes. In the substitution model, the effect of substituting one nutrient intake for another in diet was investigated while the energy intake keeps constant. Some limitations should also be mentioned; first, despite using a validated FFQ in this study, FFQs, like other tools of self-reporting assessments of dietary intakes, are subject to measurement errors. Second, in this study, the associations of proportions of macronutrients in habitual diets with visceral adiposity were investigated indirectly using VAI as a surrogate of visceral adiposity. There are no definite cut-off points of VAI to diagnose visceral adiposity in all populations. In this study, the cut-off points used to identify VAD were based on the age-stratified cutoff points proposed among Caucasian populations, which were strongly associated with cardio-metabolic risk factors [18] . However, one study conducted on our population also confirmed that the best cutoff point of VAI associated with cardiovascular disease is around of 2.2 very similar to that of Caucasian populations [39] . Third, the study participants are not representative of the whole Iranian population, which limits the generalizability of our findings to other Iranian populations and to some other non-Iranian populations that have different proportions of macronutrients in their habitual diet compared to our study participants.
Conclusions
In conclusion, our findings suggest that the proportions of macronutrient intake in habitual diets may be associated with visceral adiposity and its function, defined as VAI, independent of total energy intake. Higher proportions of total protein and animal-derived MUFA in diet may be positively associated with higher increase in VAI and risk of VAD during three years of follow-up, especially among women.
